Abstract. A mathematical model is described for the simultaneous saccharification and ethanol fermentation (SSF) of sago starch using amyloglucosidase (AMG) and Zymomonas mobilis. By introducing the degree of polymerization (DP) of oligosaccharides produced from sago starch treated with c~-amylase, a series of MichaelisMenten equations were obtained. After determining kinetic parameters from the results of simple experiments carried out at various substrate and enzyme concentrations and from the subsite mapping theory, this model was adapted to simulate the SSF process. The results of simulation for SSF are in good agreement with experimental results.
A kinetic model and simulation of starch saccharification and simultaneous ethanol fermentation by amyloglucosidase and Zymomonas mobilis C.-G. Lee, C.H. Kim and S.K. Rhee, Taejon, Korea Abstract. A mathematical model is described for the simultaneous saccharification and ethanol fermentation (SSF) of sago starch using amyloglucosidase (AMG) and Zymomonas mobilis. By introducing the degree of polymerization (DP) of oligosaccharides produced from sago starch treated with c~-amylase, a series of MichaelisMenten equations were obtained. After determining kinetic parameters from the results of simple experiments carried out at various substrate and enzyme concentrations and from the subsite mapping theory, this model was adapted to simulate the SSF process. The results of simulation for SSF are in good agreement with experimental results. For industrial ethanol fermentation, starch is being used as a main substrate due to its global abundance and comparatively low price [1] [2] [3] . In order to be utilized by ethanologenic microorganisms such as yeasts or a bacterium Zymomonas mobilis, however, starch must be hydrolyzed into glucose units prior to alcohol fermentation. This can be achieved by use of two enzymes, namely, e-amylase and amyloglucosidase (AMG). The former reacts endogenously with e-(1--*4) glucosidic linkages of polysaccharides to produce oligosaccharides and the latter hydrolyzes exogenously the nonreducing end ~-(1 ~4), a-(1-~6) and ~-(l ~3) glucosidic linkages of oligosacchafides to produce glucose [4] . The reaction rate of each enzyme depends on the chain length of the oligosacchafides [5] . The conventional ethanol fermentation processes using liquefied starch as substrate comprise two separate operations which have significant consequences viz. costs; the presaccharification of starch and ethanol fermentation. In contrast, the simultaneous saccharification and fermentation (SSF) process combines these two steps into one to offer the potential of an increased rate of hydrolysis. In this cost-effective alternative process, the product inhibition on saccharification by glucose can be diminished since the glucose produced from oligosacchafides is consumed immediately by the cells and converted into ethanol [1] .
List of symbols
Although considerable attention has been paid to SSF itself, there are few studies reporting practical kinetic models for SSF process [6] [7] [8] . Especially for glucose production by exo-cleavage of starch, no adaptable models have been reported. Concentrated on this fact, attempts were made to propose a reliable kinetic model for this single step process, which can be used to develop or optimize SSF processes using Z. mobilis cells and sago starch as substrate.
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2 Model system
Assumptions for kinetic studies
(1.) After liquefaction by a-amylase, oligosaccharides with the degree of polymerization (DP) below 7 are main products of a-amylase from Bacillus licheniformis [5] . Among them, only residual maltose, maltotriose and maltopentaose are major products of liquefaction. Consequently, the e-(1 ~6) and e-(l ~3) terminal bonds are taken into consideration only in the oligosaccharides of DP 2, DP 3 and DP 5. (2.) The rates of hydrolysis of e-(l~6) and e-(l~3) bonds by AMG are approximately one-twentieth of the rate of corresponding e-(l~4) bond [9] . (3.) Kinetic parameters, Michaelis-Menten constant (Kin) and molecular activity (km,~) for the hydrolysis of oligosaccharides (from DP 2 to DP 7) were determined by the subsite mapping theory [10] [11] [12] . (4.) There is no change in enzymatic activity during fermentation period [1, 13] . Thus, the enzyme affinities to each oligosaccharide are irrelevant to enzyme and substrate concentrations.
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GT~G~-'~G~ " G.'---~G3"-'-~G2"-'~G~ Fig. 1 . The schematic diagram for glucose production by AMG. G, and S, denote linear and branched n-mer oligosaccharides, respectively 
Models for glucose production by AMG
According to the subsite mapping theory, AMG has 7 subsites which can produce enzyme-oligosaeeharide complexes and their affinities to oligosaccharides are closely related to the chain length of oligosaccharides [14] [15] [16] [17] [18] . Thus, in AMG-catalyzed saccharification of oligosaccharides, the increase in the degree of polymerization of substrates results in the increase of reaction velocity (V) and concomitant decrease of Michaelis-Menten constant (Kin) [I 1, J 2]. Based on the assumptions made previously, the reaction rate of releasing free glucose units from oligosaccharides can be expresed by a series of Michaelis-Menten equations as follows:
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where G, is the molar concentration of n-mer maltooligosaccharides, dG*/dt is the pure cleavage rate of those n-mer oligosaccharides, dG,/dt is the net change rate including the formation rate from (n + 1)-met digestion and S. is the molar concentration of e-(l--.6) and c~-(1~3) branched n-mer oligosaccharides. The schematic diagram of this reaction series is shown in Fig. 1 . Thus, the resulting Eq. (5) represents the total formation rate of glucose without any consumption. Kin,, and V m .... are Michaelis-Menten constants and the maximum cleavage velocities for given n-mer substrates, respectively. Table 1 represents the parameters obtained by the subsite mapping theory for the above equations. The Vma x values, however, must be calibrated from the maximum molecular activity, K .... by considering both enzyme and initial substrate concentrations before introducing the above model equations. From the assumption (4), this correction can be made by the fact that the initial glucose formation rate, V o, must equal to the sum of all components as in Eqs. (6) and (7): 
where E and So are AMG and the initial starch concentrations in the fermentation broth, respectively, and ke~, k e and k~ are constants. In this summation, the portions attributed from e-(1 ~ 6) and e-(1 ~ 3) branched n-mer oligosaccharides can be neglected by using the assumption (2). Simultaneous integration of Eqs.
(1) through (5) by the fourth order Runge-Kutta-Gill method [19] gives the glucose (Gt) profile. Total sugar concentration (Stot) and starch (oligosaccharides) concentration (Ss,,) are expressed as in equations (8) 
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